A warped extra dimension model predicts an extra scalar particle beyond the Standard Model which is called a radion. Although interactions of the radion are similar to those of the Higgs boson in the Standard Model, a relatively light radion ( 100 GeV) is not severely constrained from the Higgs search experiments at the LHC. In this paper we study discovery potential of the radion at a photon collider as an option of ILC. Owing to the trace anomaly of the energy-momentum tensor, both a production of radion in γγ collision and its decay to gluon pair are enhanced sizably. We find that the photon collider has a sensitivity for discovering the radion in low-mass region up to Λ φ ∼ 3 TeV, where Λ φ is a scale parameter which suppresses the interactions of radion to the Standard Model particles.
Introduction
A warped extra dimension model proposed by Randall and Sundrum (RS) is one of the attractive candidates to solve the gauge hierarchy problem in the Standard Model (SM) naturally [1] . The model is given in the five-dimensional space-time where one warped extra dimension is compactified on the orbifold S 1 /Z 2 . The space-time metric is given by
where x µ (µ = 0, 1, 2, 3), y and k denote the coordinate of four-dimensional space-time, that of a fifth dimension, and the AdS 5 curvature, respectively. The Minkowski metric is η µν = diag(+1, −1, −1, −1) and e −2ky is called a warp factor. Two 3-branes are located at y = 0 and πr c . They are called the UV brane (y = 0) and the IR brane (y = πr c ). In the original RS model all the SM fields are confined on the IR brane and only graviton is allowed to propagate into the bulk. There are some variants of the RS model where some of SM fields propagate in the extra dimension [2, 3] .
With this setup, the four dimensional Planck mass M pl is expressed by a fundamental parameter M in the five dimensional Einstein-Hilbert action as
As a result, an effective mass parameter in the IR brane is given as M pl e −kπrc , and the gauge hierarchy problem could be solved naturally when the distance between UV and IR branes are stabilized by kr c ∼ 12. Goldberger and Wise have proposed an attractive mechanism to stabilize the distance between two branes introducing a bulk scalar field which has scalar potentials on both branes [4] . Minimizing the scalar potentials on the branes, the distance between two branes takes appropriate value (kr c ∼ 12) without fine-tuning of the parameters in the scalar potentials. In four dimensional effective theory of the original RS model, there are two new particles beyond the Standard Model. One is a spin-2 graviton (and its KaluzaKlein excitations) and the other is a scalar-field radion φ which is a metric fluctuation along the extra dimension. The radion acquires the mass of the order of the electroweak scale due to the Goldberger-Wise mechanism and it could be a lightest extra particle in the RS model [4, 5] . The radion, therefore, is expected to be the first signature of warped extra dimension models in direct search experiments such as the LHC. Phenomenology of the radion can be characterized by two parameters, a radion mass m φ and a scale parameter Λ φ .
The search experiments of the Higgs boson at the LHC give stringent constraints on the parameters of the radion. As will be shown later, the radion couples to the trace part of the energy-momentum tensor of the SM. Thus it is known that the interactions of the radion to the SM particles such as electroweak gauge bosons (W ± , Z) and fermions are similar to those of the Higgs boson, except for the scale parameters in the couplings. On the other hand, the interactions of radion to photons and gluons have additional source from the trace anomaly of the energy-momentum tensor in addition to the 1-loop contributions from W boson and/or fermions as in the SM. Furthermore, there could be a mixing between the radion and the SM Higgs boson through the scalar-curvature mixing term in the fourdimensional effective action [6, 7] . According to these characteristic features of the radion interactions, there have been studied the phenomenological aspects of the radion in various colliders [8, 9, 10, 11, 12, 13, 14] .
It has been reported that the Higgs boson mass m h is 126.0±0.4(stat.)±0.4(syst.) GeV at ATLAS [15] and 125.3 ± 0.4(stat.) ± 0.5(syst.) GeV at CMS [16] , respectively, and there is no signature of any other scalar particles up to 600 GeV from the ZZ mode. Thus one can apply the results of the Higgs search experiments at the LHC to constrain the mass and couplings of the radion. Recently, the bounds on the parameters m φ and Λ φ were studied in light of the Higgs boson discovery at the LHC using pp → h → γγ, ZZ, W + W − [9, 17] . It was found that constraint on the parameter Λ φ for the high-mass region of the radion (m φ 1 TeV) from the ZZ mode is much severe than results in the previous studies [18, 19] . It is, however, pointed out that the radion in low-mass region (m φ ∼ 100 GeV) is not constrained at the LHC, i.e., the Higgs search in the γγ channel at the LHC is less sensitive to a relatively light radion, since the φ → gg mode dominates over the other decay modes in this region which suppresses the branching ratio of φ → γγ. Then it is worth examining possibilities to search for the radion in the low-mass region in collider experiments.
In this paper, we study production and decay of the radion at a photon collider which has been proposed as an option of an e + e − linear collider such as the ILC [20] . It has been studied that the photon collider has an advantage to distinguish the radion produced in the γγ collision from the SM Higgs boson production [21, 22, 23] supposing the SM Higgs boson is relatively heavy. The production of radion in the light-by-light scattering at the LHC has been discussed in ref. [24] . We show that the decay of radion in low-mass region into gluon pair is a promissing channel for its discovery at photon collider. This paper is organized as follows. In Sec. 2, we briefly review the interactions of radion to SM fields with emphasis on the difference from those of the SM Higgs boson. Production and decay of the radion at the photon collider are discussed in Sec. 3. We show our numerical results in Sec. 4 where a discovery potential of the radion at the photon collider is discussed quantitatively. Sec. 5 is devoted to summary and discussion.
Interactions
The radion field represents a fluctuation of the distance between the UV and IR branes. Taking account of a fluctuation along the fifth dimension, the metric is written as [7] 
where F (x, y) is a scalar perturbation. A canonically normalized radion field φ is given by [7] F
where the scale parameter Λ φ is O(TeV) [7, 25] . The radion couples to the trace part of the energy-momentum tensor of the SM. Then, the interaction Lagrangian of the radion is given by
where T µ µ is the trace of energy-momentum tensor of the SM which is given as
where the first line in r.h.s. of (6) is obtained from the energy-momentum tensor of the SM. Two terms in the second line of (6) come from the trace anomaly for photons (F µν ) and gluons (G a µν , a = 1, · · · , 8), respectively, and the ellipsis denote the higher-order terms. The number of active quark-flavors is denoted by n f 1 . We can see from (6) that, except for the trace anomaly terms, the interactions of the radion to the SM fields are very similar to those of the SM Higgs boson. The interactions of the radion are, however, suppressed by the scale parameter Λ φ ∼ O(TeV) which corresponds to the Higgs vacuum expectation value, v = 246GeV, in the interactions of the SM Higgs boson to other SM fields. It is worth mentioning that, in general, the radion and the Higgs boson can mix after the electroweak symmetry breaking through the scalar-curvature term in the four-dimensional effective action [6, 7] . In our following study, however, we do not consider the mixing between the radion and the Higgs boson, since the current experimental results of the Higgs searches at the LHC tell us that the measured branching ratios of the Higgs boson are consistent with those in the SM [15, 16] , so that we can neglect the radion-Higgs mixing in a good approximation.
3 Production and decay of radion at a photon collider
The production cross section of the radion in the γγ collision, and the branching fractions are obtained from the interaction Lagrangian in eq. (5). In the photon collider, the high energy photons are obtained from electron beams through the inverse Compton scattering.
The convoluted production cross section with energy distribution of photon beams is given by [22, 23, 26, 27] 
where √ s and √ŝ represent the center-of-mass energy of electron pair and γγ systems, respectively. A momentum fraction of a photon against the electron momentum is denoted by x, and z is defined by z 2 =ŝ/s. The production cross section of the radion in the γγ annihilationσ γγ→φ (ŝ) can be expressed using the decay rate of φ → γγ aŝ
A function f γ (x) in (9) is the unpolarized photon flux from the laser back-scattering
where
A parameter ξ is chosen to be ξ = 4.8, then D(ξ) = 1.8 and x max = 0.83 [26] .
In Fig. 1 , the production cross section (9) is given as a function of m φ for Λ φ = 1 TeV (a) and 3 TeV (b), respectively. Three curves in black, red and blue in each figure correspond to √ s = 250 GeV, 500 GeV and 1 TeV, respectively. For each √ s, the cross section is enhanced around m φ = 150 − 200 GeV. Note that the threshold energy of electron collision for the radion production is somewhat smaller than m φ since the radion is produced via collision of back-scattered photons. For example, in Fig. 1 (a) , the production cross section is larger than 1 fb for m φ 400 GeV ( √ s = 500 GeV) and m φ 820 GeV ( √ s = 1 TeV).
The decay widths of the radion to the SM particles are easily calculated from eq. (5):
where ( 
The functions I 1 (x, λ) and I 2 (x, λ) are
where the loop functions f (x) and g(x) in (13), (14) and (21) are given by [23, 28] f
The branching ratio of the radion for all possible decay modes as a function of m φ is shown in Fig. 2 . The mass of Higgs boson is fixed at m h = 125 GeV in the figure. We can see from Fig. 2 that the dominant decay mode is φ → gg for m φ 150 GeV while it is altered
We note here that the dominant decay mode of the radion at low-mass region is φ → gg while that of the SM Higgs boson is h → bb. This is because that the interaction in the former is enhanced by the trace anomaly of the energy-momentum tensor as mentioned in a previous section. 
Numerical analysis
In this section, we discuss a discovery potential of the radion in low-mass region (m φ 150 GeV) at the photon collider focusing on the signal process γγ → φ → gg, which is expected to be enhanced by the trace anomaly in both production and decay processes. At the photon collider, the leading background is γγ → h → gg. Then we survey the model parameter space (m φ , Λ φ ) by requiring a significance S/ √ B > 5 by defining both S and B as
The production cross section σ(e + e − → φ) is identical to that in (9) , and σ(e + e − → h) is obtained replacingσ γγ→φ (ŝ) in (10) byσ γγ→h (ŝ). The effective photon luminosity L eff dt is assumed to be 1/3 of the electron luminosity following the TESLA technical design report [29] . In our numerical analysis, we fix the Higgs boson mass m h at 125 GeV for simplicity.
Although the dominant decay channel is φ → gg for m φ 150 GeV, it is altered by
It is very hard to study the radion production and decay using the W + W − channel since γγ → W + W − occurs at the tree level in the SM and it overwhelms the signal process. Thus we use the ZZ channel instead of W + W − , and estimate S/ √ B assuming that B is dominated by the h → ZZ channel as a reference in the high-mass region.
In Fig. 3 Fig. 3 (a) , (b) and (c). In the figure, black and red regions correspond to S/ √ B > 5 for the φ → gg and φ → ZZ channels, respectively. It is also shown the excluded region on (m φ , Λ φ ) plane [17] taking account of the Higgs search experiments at the LHC [32, 33, 34] . Turquoise, purple and magenta regions are excluded from the pp → h → ZZ, pp → h → W + W − and pp → h → γγ in the Higgs searches at the LHC.
From the figure, we find that the significance S/ √ B at least 5 is achieved in both the gg and ZZ channels. When m φ 150 GeV, S/ √ B > 5 is possible for Λ φ 3 TeV in (a), (b) and (c). On the other hand, the ZZ mode is available only for 180 GeV m φ . In the ZZ mode, although there are sizable regions with S/ √ B > 5 in (b) and (c), these regions are entirely disfavored from the Higgs search experiments at the LHC. We, therefore, expect that the photon collider has a good chance for discovery of the radion with m φ 150 GeV but it has no sensitivity to search for the radion if the mass is larger than 180 GeV.
We have so far focused on the gluon final state in the radion decay. In the experiment, the two gluons in the final state are observed as two jets which also contain quarks. Since γγ →occurs at the tree level, it is very crucial to separate the gluon final states from γγ → jj. The detectors at ILC are aiming to achieve a high efficiency of tagging the b and c quark flavors [30, 31] . Subtracting b and c jets from the data, and requiring appropriate kinematical cuts, it is expected to obtain two gluons in dijet data with a certain efficiency. A more quantitative estimation on the background (including γγ → qq) processes is necessary based on the Monte Carlo simulation, which will be done elsewhere [35] .
Summary
We have studied production and decay of the radion in the RS model at a photon collider as an option of e + e − linear collider (ILC). Owing to the trace anomaly of the energy-momentum tensor, the interactions of the radion to photons and gluons are much enhanced. Focusing on the gluon final states in the radion decay, which is a dominant decay mode in the lowmass region of the radion, we investigated the model parameter space where the significance S/ √ B > 5, and found that it could be achieved for Λ φ 3 TeV and m φ 150 GeV, without conflicting the constraints from the LHC experiments. To be more realistic, it is necessary to estimate both signal and background (including γγ → qq) processes using the Monte Carlo simulation. The photon collider could be a good stage to look for the radion in the low-mass region which LHC experiment does not cover. [17] . Black and red regions denote parameter regions where signal significance S/ √ B > 5 for γγ → φ → gg and γγ → φ → ZZ processes, respectively. Region in turquoise, purple and magenta show the 95% CL excluded region from pp → h → ZZ, pp → h → W + W − and pp → h → γγ processes at the LHC.
